Introduction
In the recent past the use of microstrip antennas has acquired a steep ascent in the various applications due to its versatile characteristics, viz. compactness, conformal nature, etc. Moreover, applications for higher order modes have also emerged such as GPS receivers, etc. But, at the same time, it has its inherent limitations of smaller bandwidth. Of the various solutions suggested for the improvement in the bandwidth, in the literature, stack of layered dielectrics with air-gap introduced, is promising one for the lightweight arrays onboard satellites.
Various analyses [1] - [3] have been carried out to determine the resonant frequency of the microstrip antennas, but lack accuracy while determining the resonant frequency of higher order modes. In this paper, as first part, modified capacitance, which takes care of the fringe field variations due to different modes is formulated as in [4] . Then, the layered dielectric circular patch antennas, viz., disks and annular rings, with and without air-gap are analyzed by calculating the effective capacitance by quasi-static capacitance approach. 
Analysis

Disk Antenna
The resonant frequency of microstrip antenna is governed by the accuracy of the capacitance of the patch resonator and is given by [2] 
where, for small h/a,
where, L (1) and C (1) are first order inductance and capacitance, respectively.
But, it is observed from the experimental results that these formulas provide comparable results only for the dominant modes. Using the same formula for calculating the resonant frequency of higher order modes, gives a considerable drift between theoretical and measured value. Hence, the capacitance also needs to incorporate the fringe field variations and hence the mode variables, n and m to yield a better accuracy, where, n is the order of the Bessel function and, m is m th zero of the function Jn'(ka). Thus, the logarithmic term (2) is modified for a better approximation of capacitance for the higher order modes as,
where,
The value of k is obtained in the least square error sense and, is approximately equal to 2. Then, the function g(β) = β, is optimised for minimum error for which we obtain q≈1.Thus, the general formula of capacitance for any mode can be given by,
Annular Ring Antenna
The modified first order capacitance is applied to the annular ring antenna by considering the inner and outer radiating circular edges as edges of disc of smaller and larger radii, respectively, giving modified 'a' and 'b' as
Patch Antenna with Air Gap
The capacitance is a function of only the dielectrics and the geometry of the patch. If we assume a potential difference of V 0 between the plates and uniform electric field intensities in the two regions with electric flux densities D 1 = D 2 (as the magnitude of the surface charge, Q, is same), the effective capacitance is h ≡ height of the substrate ε≡ dielectric constant of the substrate a≡ radius of the disk
………(6) i.e., the individual capacitance are in series.
To calculate the resonant frequency of the disk, the effective dielectric constant is calculated as ε eff = C (h 1 + h 2 ) /A. where, C is the series capacitance of the layers. To calculate the resonant frequency of annular ring with an air gap, effective inner and outer radii are calculated using the effective dielectric constant formula. Then the patch area responsible for the capacitance of each layer is calculated, i.e., A = π (b 2 eff -a 2 eff ). The series capacitance is obtained and then the same step is followed as for finding the resonant frequency of the circular disk.
Results and Discussion
Resonant frequencies of circular and annular ring antennas with and without airgap for dominant as well as higher order modes are compared with the experimental and theoretical results reported in the literature by Lee and Dahele [3] . We see a large improvement over the conventional analysis. It is found that the error between theoretical and experimental values is minimal and gives more than four fold accuracy as compared to [3] . .25 a = 3.5 cm, b = 7.0 cm, h = 0.159 cm, d = 3.6 cm, ε r = 2.32 
Conclusion
Modified expression for the calculation of the resonant frequency of microstrip patch antennas is presented which incorporates the mode variables to account for the fringing field variations due to different modes which gives the improved accuracy at all modes of excitation. Effective capacitance technique considering multilayer dielectric patch antenna as a parallel configured quasi-static capacitance shows a simple and efficient analysis to calculate the resonant frequency of multilayer dielectric microstrip antennas. Validation of various experimental results with the proposed theory confirms the improved accuracy.
